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Abstract 
In recent years, opaque ventilated facades have been widely used as passive constructive elements, specially in warm 
climate areas. Considering their increasing relevance, the present article focuses on the study of the thermal and 
energy behaviour of the open joint ventilated façades (OJVF). The study of the fluid flow has been carried out by 
application of 2D Particle Image Velocimetry (PIV) techniques to a facade model specially designed for laboratory 
measurements. In this work, instantaneous and time averaged velocity fields along the ventilated cavity have been 
obtained for five different radiation conditions. These results have allowed to obtain a good description of the flow 
structures. It has been observed that under radiation conditions, the natural thermal convection produces a chimney 
effect that forces external air to circulate along the air cavity allowing to remove part of the heat of the facade, and 
thus reducing the heat transferred to the building.  
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1. Introduction 
Achieving optimal energy performance of buildings is an important goal, since the building sector 
represents a significant share of total energy consumption in cities. Within this scope in order to increase 
the efficiency of buildings, different passive techniques have been developed and investigated [1]. During 
the last years, Open Joint Ventilated Facades (OJVF) have become a very popular construction system 
due to their potential for reducing the cooling thermal loads, their versatility and easy installation, not only 
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in new but also in rehabilitated buildings. OJVF term refers to a construction system composed, from 
exterior to interior, of a coating made of opaque slabs separated by open joints, followed by an air cavity 
and a mass wall with insulation on the exterior side. Incident radiation produces a ventilation flow in the 
cavity rather different from other ventilated facades. The main difference with conventional ventilated 
façades is that the air can enter and leave the air cavity through the joints circulating along the air cavity at 
an inhomogeneous rate. 
Although the extended use of this system, the existing scientific literature about this topic is not 
enough to allow general design and evaluation rules [2], and therefore there is a growing interest in the 
scientific community aiming to understand in detail their energy performance. To shed some more light 
on this topic, the objective of this research is to study the thermal and fluid dynamic behaviour of OJVF.  
More specifically, the present investigation focuses on OJVF systems with horizontal joints. To 
simplify the analysis, the effect of solar radiation is considered in the investigation while the effect of 
wind is ignored. The conditions of the experimentation indicate that the fluid flow inside the ventilated 
cavity is driven by natural thermal convection, which means that the external air must be able to freely 
enter and leave the ventilated cavity at any point. Taking this characteristic into account experiments were 
carried out for five different heating conditions corresponding to five different radiation levels. This 
article reports the main challenges in the experiment design, and examines the fluid flow structures along 
the cavity. Further analysis of the temperatures and the fluid flow structures has been performed in order 
to help to understand the complexity of the heat transfer in these types of façade systems. Results indicate 
that the mean velocity as well as turbulence quantities are enhanced by buoyancy. It has also been 
observed that the instabilities in the flow increase with the Ra numbers. 
2. Experimental set up 
A laboratory model of OJVF with dimensions based on a real façades has been designed for the PIV 
measurements. The height of the model has been kept to 2/3 of the distance between window panes in real 
buildings. The dimensions were chosen to warrant turbulent flow conditions similar to real façades and at 
the same time, to allow its study in laboratory conditions. The solar radiation has been simulated by 
different heating conditions corresponding to the following Rayleigh numbers: 1.52x109, 1.02x108, 
5.94x108, 4.30x108 and 4.12x108. 
The velocity fields were obtained using the Particle Image Velocimetry (PIV) technique [4], and the 
temperature measurements were performed using Pt100 sensors and a thermograph camera. The 
velocities and temperatures were measured in the vertical mid-plane of the cavity for the different heating 
conditions. A further description of the experimental set up is given in next paragraphs. See Figure 1. 
2.1. OJVF laboratory model 
The experimental unit is composed of four metallic slabs of 0.3 x 0.2 x 0.001 m each, simulating the 
exterior coating layer of an OJVF. Slabs are vertically arranged and separated by horizontal open joints of 
5mm. Total model dimensions are 0.825 m high and 0.3 m wide with an air cavity of 40mm wide. 
Measurements were made in the vertical centre plane of the cavity. Two glass windows were made in the 
model because PIV technique requires optical access to the flow, to illuminate the analysis plane and to 
record the images. The laser illuminates through the glass window on the front side and the camera takes 
images through the glass window on the lateral side, so they are perpendicularly located. 
Annexed to the OJVF and connected to it, there is a seeding box where the seeding particles are 
generated with a correct density and homogeneity before being driven inside the ventilated air cavity. It is 
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a big wooden box with dimensions of 1m x 1m x 1m and opened on the top so that the seeding could be 
prepared at ambient pressure. 
To simulate the heating of the slabs produced by solar radiation, self-adhesive electrical heating mats 
were located on the exterior surface of the slabs with same dimensions connected in a parallel 
configuration. To reach a stationary state the heating mats required around 40 minutes to stabilize in 
temperature.  
 
 
Fig. 1. (a) OJVF experimental model and PIV system; (b) Detail of the slabs of the exterior coat. 
2.2. PIV system 
PIV measurement techniques are based on calculating the relative displacement of the particles in two 
images recorded in two consecutive instants of time. Once the flow has been correctly seeded with tracer 
particles that follow the flow, a pulsed laser light sheet illuminates the flow and the seeded particles 
scatter the light. The image of the scattered light from the seeding particles is recorded by a double-
framed charge coupled device (CCD camera) which is oriented perpendicular to the laser sheet. A short 
time after, another pulsed laser light sheet illuminates the flow again and a second image is recorded. A 
Synchronizer automates the control of laser pulses, cameras and timing to external signals. The cameras 
are connected to a PC equipped with a 64 bit frame grabber that acquires 16 frames per second. Insight 
3G Software was used to rule the system calculating the velocity vectors using ‘cross correlation’ method. 
The image is divided into analysis windows and the correlation function is sequentially calculated 
providing a displacement vector in all the analysis windows so a displacement vector map is generated for 
the image space. Finally the flow velocity vectors are calculated dividing the mean displacement by the 
time interval between the two image frames. 
2.3. Seeding 
According to existing bibliography, Raffel et al. [5], the tracer particles must verify the following 
conditions: correctly follow the flow (neutrally buoyant), good light dispersion, and correct density. For 
this study, the tracer particles are nebulised by a six jet atomizer. The particle material is olive oil of 1 m 
of diameter. The top side of the seeding box is open, so oil particles were sprinkled through it 2-3 minutes 
before starting the data acquisition in order to have enough seeding particles density and homogeneity. In 
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the PIV measurement technique, a primary source of error is the influence of gravitational forces if the 
density of the air flow does not match that of the tracer particles. The Stokes number, St, is a measure of 
particle inertia and represents the ratio of the particle response time to characteristic flow timescale. The 
Stokes number has been calculated according to the equation 1. 
 
LUCdSt cpp 18/
2   (1) 
Where ρp is particle density, dp particle diameter, U a characteristic velocity scale of the flow, Cc a slip 
correction factor, μ the fluid viscosity, and L a characteristic length scale of the flow. Cc has been set to 
1.17 for 1μm particles according to Hinds [6]. The values of the Stokes numbers for the five experiments 
are in the range of 10-6 indicating that the particles follow the fluid flow. 
2.4. Temperature measurements 
To complement the PIV velocity vectors measures, temperature sensors have been placed in the centre 
of each of the heated slabs, and in the centre of the air channel in the joints. Also, temperatures in the 
interior of the box where the seeding is prepared and the laboratory temperature are logged during each 
experiment. The data acquisition has been registered using a data logger. All temperature sensors used 
were PT100 of 1/10 DIN class. That means that the error in measure is below 0.1ºC. Their operating 
range between -20 and 70ºC meets our experiment requirements. To measure surface temperature a 
sensor embedded in an adhesive flat and flexible surface is used in order to provide a perfect contact with 
the slabs surface. 
2.5. Measurement procedure along the cavity 
Because of air cavity dimensions, it is impossible to capture the whole geometry in one single image of 
the CDD camera as its active area is 16.67mm × 16.05mm. To obtain images all along the air cavity it has 
been necessary to perform different experimental runs at different heights. The laser and the camera were 
vertically displaced, in intervals of 10 cm, by means of 2D positioning structures that permitted to set the 
exact position (X and Y) for the different runs. One region is delimited in each stage so that whole fluid 
structures are within this region (i.e. recirculation vortexes). As a result, eight regions of different height 
were identified and used to calculate the mean flow along the cavity (reconstructed map). The subdivision 
of the cavity can be seen in Figure 2. 
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Fig. 2. Measurement regions for the reconstruction of the flow along the cavity 
For each run, a total number of 300 snapshots were recorded with a frequency of 7 Hz. The time 
between pulses was 10-4 s. The displacement vectors were computed using the standard cross correlation 
with a 25% overlap of the interrogation regions. For each snapshot picture, the processing interrogation 
window has been set equal to 40 x 40 pixels that result in the spatial resolution of 2.3mm x 2.3mm of the 
velocity field in the two dimensional measurement planes. Further post-processing was made for rejecting 
vectors occurred in areas of the image map where: a) the seeding was too low, b) the number of particle 
pairs was too low, or c)the existence of saturated pixels. The post processing of the snapshot data also 
included a filter to remove bad vectors and the filling of the holes by interpolating from surrounding valid 
vectors. Relevant experiment conditions are summarized in Table 1. 
Table 1. Relevant PIV conditions 
 Exp 1 Exp 2 Exp 3 Exp 4 Exp 5 
Rayleigh number 1.52 x 109 1.02 x 109 5.94 x108 4.30 x108 4.12 x108 
Heating mats voltage 9.5 V 7.5 V 5.5 V 4.5 V 3.5 V 
Power applied to heating mats 35.1W/mt 21.9 W/mt 11.85W/mt 7.35 W/mt 4.82 W/mt 
Simulated solar radiation 525 W/m2 365 W/m2 197 W/m2 120 W/m2 80 W/m2 
Mean temperature of slabs 52.12 ºC 41.41 ºC 32.16 ºC 39.88 ºC 39.53 ºC 
Seeding temperature 23 ºC 22 ºC 21 ºC 22 ºC 21.5 ºC 
Stokes Number 1.12 x10-6 1.02 x10-6 9.01 x10-7 6.4 x10-7 4.82 x10-7 
 
3. Thermal and fluid-dynamic analysis of OJVF 
The experiments carried out in this investigation have allowed the analysis of the fluid and thermal 
characteristics of the air flow inside the ventilated cavity under the different thermal conditions, and to 
obtain a good description of the natural convection phenomena induced by the solar radiation. 
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The instantaneous and time-averaged mean velocity field and the turbulent variables have been 
calculated. Flow structures have been compared in all the studied cases. The following subsections are 
dedicated to analyze the instantaneous and time averaged flows. 
3.1. The time-averaged flow structures 
The measured instantaneous velocity fields have been used to calculate the time averaged velocity 
field along the ventilated façade for the five experiments. The flow along the cavity has been 
reconstructed using the data recorded at the eight cavity regions. However, for computing the averaged 
velocity vector fields, not all vectors were used. Snapshots with time correlation factors lower that 99% 
were not considered in the mean flow calculation. 
Figure 3 shows the reconstructed mean flow along the ventilated cavity for the five experiments. Same 
flow patterns have been observed in the five experiments. Results also show that the air velocities in the 
cavity increase with the temperature of the slabs (or the Rayleigh number). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Mean flow values. Velocity vectors and contorours 
In general terms, the air inside the cavity forms an ascending flow marked by localized discontinuities 
at the joints, which turn the flow complex, inhomogeneous and asymmetrical. To better understand the 
flow it is necessary to take into account the total number of joints and their vertical position. Figure 4 
shows the velocity contour details in different regions of the ventilated cavity. In the lower part of the 
cavity, the air enters the cavity through the first and second joints. At these entrances recirculation 
vortexes are formed near the heated slabs. At half of the slab, the entrance air returns near the heated slabs 
and increases its velocity with the height, while the air near the interior wall behaves in a different way 
showing lower velocities or even forming small vortexes with descending flow near the colder wall. 
When the flow reaches the central height of the air cavity, the ascending flow is maximal and occupies 
almost the whole width of the channel. Once passed the central height of the air cavity, the heated air 
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starts to exit the cavity through the upper joints. In opposition to what happened in the lower part, the air 
near the exterior heated slabs decreases its velocity with the height.  
 
 
 
Fig. 4. Y-component velocity contours. Details for different regions 
 
Horizontal profiles of the y-component velocity vector (Vy) corresponding to the centre of each slab 
are represented in Figure 5. The x axis has been normalized with the width of the cavity. x/W=1 indicates 
the hot wall (heated slabs). 
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Fig. 5. y-velocity component (Vy) horizontal profiles at the centre of each slab along the ventilated cavity of the OJVF model, a) 
slab 1, b) slab2, c) slab 3, d) slab 4 
The profiles at the different heights of the air cavity indicate that the ascending flow does not maintain 
an homogeneous velocity profile along the cavity due to the existence of open joints. The horizontal 
velocity profiles corresponding to the first slab show how the flow entering through the lower joint with a 
jet structure is still separated from the hot wall (recirculation vortex). It can also be observed that the jet 
structure is stronger for higher temperatures. The same phenomena are observed in the second slab, 
however the rounded profile of the velocities indicate that the flow is already reattaching the hot wall. 
The maximum ascending flow is reached in the central height of the cavity in the region near the third 
joint. In the upper part of the façade, the flow ascends along the cavity with a typical profile of the flow 
between parallel plates with asymmetrical temperature conditions, with higher temperatures near the 
hotter wall. The slight negative values near the wall in the second and fourth slab indicate the existence of 
reverse flow. 
 
Figure 6 shows the turbulence quantities of the flow along the ventilated cavity for the different 
experiments. As observed with the velocity fields, the turbulence values increase with the buoyancy 
forces: the higher the temperature of the slabs, the higher the turbulence of the induced flow. 
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Fig. 6. Mean flow values. Turbulence contours.
Profiles of the Reynolds shear stress for the height corresponding to the centre of each slab are
presented in Figure 7. The values have been normalized by the square of the average velocity. The x axis
has been normalized with the width of the cavity. x/W=1
Fig. 7. Reynolds shear stress profiles along the ventilated cavity of the OJVF, a) slab 1, b) slab2, c) slab 3, d) slab 4
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4. Conclusions 
This article reports a novel application of the particle image velocimetry (PIV) technique to measure 
the velocity field inside the air cavity of Open Joint Ventilated Façades. A two-dimensional velocity field 
has been measured in the mid-plane of the model. The main challenges associated with the application of 
PIV technique to OJVF are related to fact that the cavity does not form a closed channel and as a 
consequence the air can enter and exit the cavity through all the joints. The laboratory model specially 
designed to carry out these measurements has been profusely explained. 
The instantaneous flow analysis show that the flow behaves as steady turbulent flow, with the 
exception of certain instabilities. The instabilities are caused by the detachment and reattachment of 
recirculation vortexes formed at the entrance of the flow through the lower joint. A smaller and stable 
recirculation vortex is formed near the heated second slab due to the abrupt entrance of the flow through 
the second joint. 
The time averaged flow show the main structures formed inside the ventilated cavity. The heating of 
the slabs produce an ascending ventilation flow aligned with the cavity walls and marked by 
discontinuities at the joints. The air enters the cavity through the joints of the lower slabs and leaves the 
cavity through the upper joints. The maximum flow rate is reached at the central height of the façade. 
Mean velocity values and turbulence intensity are enhanced by increase of buoyancy (higher Ra 
Numbers) 
Although further experimental work is required (three dimensional measurements, new models 
including vertical joints, different height of the air cavity, wind conditions, etc.), the experimental work 
presented in this article can be considered as a first step in the investigation of the thermal and fluid 
behaviour of open joint ventilated façade construction systems. 
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